flLEGOfl  /J\ 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


I  Public  wpaUng  burdan  tarlNa  aHHcdon  ol  Information  H  aadmalad  to  auxage  1  hour  par  rasporaa,  Including  tha  oma  (or  ravtawtno  Instruction*,  Marching  artsong  data  sources,  gainartngand 
I  malnlalnlr^thadattnaadad.arKjoomplatinflandiawlaanngthacoaacMonoflnforTn^lon.  SandeorrwnantmiagafdinqttUatxiidanaallmalaoranyotharaspaclorihiacollacOonor  Inforrnallor.  Inducing 
1  tuggauionaiorfaduclnglhlaburdan, to  Washington  Haadquartar»Sarv(oaa,DliactoraiatorWorTnaaonOpar*ilor»andHaport»,  1215J*flanonDaiAiHlghwuy.Suat1204.  Arlington.  VA  222C2-430Z. 
and  totha  OfWoa  or  Managamaot  and  Budget  PaparwcxVRaductton  Prelect  (0704-0188).  Washington.  DC  20603. 


1  1. AGENCY  USE  ONLY  (LaawUMg  |  2.  REPORT  DATE  I  3.  REPORT  TYPE  AMO  DATES  COVERED 


July  1989 


4.  TITLE  ANO  SUBTITLE 

INDIUM  PHOSPHIDE  SPEEDS  PAST  GaAs 


8.  AUTHORS) 

L.  J.  Messick 


7.  PERFORMING  ORGANIZATION  NAM£(S)  AND  ADORESS(ES) 

Naval  Ocean  Systems  Center 
San  Diego,  CA  92152-5000 


0.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESSES) 

Naval  Research  Laboratory 
4555  Overlook  Avenue  S.W. 

Washington,  D.C.  20375 


12*.  OtSTTUaimON/AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  is  unlimited. 


13-  ABSTRACT  (UsHmum  200  word*) 


5.  FUNDING  NUMBERS 

PN:  EE90 
PE:  0602223N 
WU:  DN488  778 


S.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


^  Now  that  the  limits  of  GaAs  are  being  reached,  the  emerging  technology  of  indium  phosphide  (InP)  and  its  related 
alloys,  such  as  InG&As  and  InAlAs,  are  further  extending  the  limits  of  solid-state  capabilities  in  a  range  of  areas  from 
extra-high  frequency  (EHF)  power  and  photonics  to  energy  conversion  applications  to  a  host  of  military  systems. 


$ 


DTIC 

!  ELECTE 
JAN  1 1 1930 


Published  in  Electronic  Engineering  Times,  July  17,  1989. 


K-  i  •  '  , 


Iv.  I.V.V  .‘,v:  -! 'r 


.  Acce-.ion  lor 
NilS  CRA&l 

!  one  tab 
Unannounced 
Justification 


By _ 

Dirt'iO1  v 


"v  .  ■  i  o  10 ;  or 

_  -''l  UCIdl 


I -/  i^o 


lectronics 


ia  PRICE  CODE 


ia.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

UNCLASSIFIED 


19  SECURrTY  CLASSIFICATION 
OF  ABSTRACT 

UNCLASSIFIED 


20.  LIMITATION  OF  ABSTRACT 


UNLIMITED 


90  01  09  168 


NSN  754001 -28M600 


Standard  form  23* 


I  tUHNULUUY 


Indium  phosphide 
speeds  past  GaAs 


By  Louis  J  Messick 
Device  Physicist 
Electronic  Material 
Sciences  Division 
Naval  Ocean  Systems  Center 
San  Diego 

In  the  past  couple  of  decades,  ma¬ 
turing  GaAs-based  semiconductor 
technology  has  complemented  sili¬ 
con  technology  both  by  extending 
transistor  frequencies  into  the  milli¬ 
meter-wave  region  and  by  making 
new  optoelectronic  devices  and  cir¬ 
cuits  possible.  However,  now  that 
the  limits  of  GaAs  are  being 
reached,  the  emerging  technology 
of  indium  phosphide  (InP)  and  its 
related  alloys,  such  as  InGaAs  and 
InAlAs,  are  further  extending  the 
limits  of  solid-state  capabilities  in  a 
range  of  areas 
from  extra-high 
frequency 
(EHF)  power 
and  photonics 
to  energy  con¬ 
version  applica¬ 
ble  to  a  host  of 
military  sys¬ 
tems. 

Although  it's 
been  expected 
for  some  time 
that  InP-based 
devices  would 
outperform  current  materials, 
their  development  requires  time 
and  money,  just  as  did  the  devel¬ 
opment  of  the  Si  and  GaAs  tech¬ 
nologies.  For  each  material,  the 
basic  skills  and  capabilities  must 
be  developed. 

The  first  capability  needed  is 
the  growth  of  bulk  material.  Ten 
years  ago.  the  maximum  single 
crystalline  InP  ingot  diameter  was 
approximately  1  cm;  today,  how¬ 
ever,  3-inch  ingots  are  routinely 
grown.  In  addition,  the  material 
quality  is  improving  significantly. 
For  example,  Sumitomo,  using 
the  "Liquid  Encapsulated  Czo- 
chalski"  (LEC)  method  under 
phosphorous  pressure  (VCZ 
method),  has  grown  low-disloca¬ 
tion-density  50-mm-diameter  Sn- 
doped  InP  crystals  with  average 
etch  pit  densities  of  2  x  101 
cnr*.  This  is  an  order  of  magni¬ 
tude  lower  than  that  of  conven¬ 
tional  LEC  crystals  with  the  same 
dopuig  density. 

Similar  dislocation  densities 
have  also  been  achieved  with  Fe- 
doped  semi-insulating  InP,  which 
can  serve  as  substrate  material 
for  a  variety  of  millimeter-wave 
devices.  Within  the  United 
States,  Crystacomm  Inc.  (Moun¬ 
tain  View,  Calif.)  is  both  improv¬ 
ing  material  quality  and  supplying 
InP  substrate  material  to  the  var¬ 
ious  R&D  facilities. 


The  fabrication  of  state-of-the- 
art  high-speed  electronic  and  opti¬ 
cal  devices  requires  not  only  high- 
quality  substrate  material,  but  the 
growth  upon  these  substrates  of 
highly  uniform  epitaxial  layers 
with  precisely  controlled  physical 
and  electronic  parameters  such  as 
thickness,  carrier  concentration, 
carrier  mobility  and  layer  smooth¬ 
ness.  In  some  applications,  only  a 
single  layer  may  be  required  while 
in  others,  extremely  complicated 
structures  containing  thousands 
of  layers  are  necessary. 

Rapidly  maturing  epigrowth 
techniques,  such  as  organo-me- 
tallic  chemical  vapor  deposition 
(OMCVD)  and  gas-source  molec¬ 
ular  beam  epitaxy  (GSMBE),  are 
now  making  possible  the  InP- 
based  struc¬ 
tures  that  are 
needed  for  the 
advanced  de¬ 
vices  awaited 
by  the  military 
community. 

InP  is  an  at¬ 
tractive  mate¬ 
rial  for  micro- 
wave  and 
millimeter- 
wave  power 
transistors  be¬ 
cause  of  its 
higher-peak  electron  drift  veloc¬ 
ity,  thermal  conductivity  and 
breakdown  field  as  compared  to 
GaAs.  In  addition,  the  surface 
properties  of  InP  make  using  the 
metal-insulator-semiconductor 
field-effect  transistor  (MISFET) 
possible,  and  this  allows  both 
channel  carrier  accumulation  and 
large  positive  gate  voltage  swings 
while  keeping  gate  leakage  cur¬ 
rent  extremely  small. 

InP  MISFETs  developed  by 
the  Naval  Ocean  Systems  Center 
(NOSC)  and  by  Thompson-CSF 
have  demonstrated  power  out¬ 
puts  of  4.5  W/mm  of  gate  width  at 
46  percent  power-added  efficien¬ 
cy  at  X-band.  This  is  more  than 
three  times  the  power  per  unit 
gate  width  ever  reported  for 
GaAs-based  FETs. 

More  recently,  a  collaborative 
effort  between  Texas  Instruments 
and  NOSC  has  resulted  in  V»-mi- 
aon  gate-length  InP  MISFETs 
demonstrating  1.8  W/mm  at  30 
GHz  while  the  highest  reported 
value  for  GaAs-based  FETs  is  1 
W/mm  at  that  frequency.  Under  dc 
conditions,  these  devices  exhibit 
drain  current  drift  due  to  charging 
or  discharging  of  states  at  or  near 
the  semiconductor/gate-insulator 
interface;  however,  when  used  as 
microwave  amplifiers  their  drift  is 
extremely  slight. 

Continued  on  page  34 


Emerging  InP  tech¬ 
nology  and  related 
alloys  like  InGaAs  and 
InAlAs  are  extending 
the  limits  of  solid- 
state  capabilities. 
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Higher  power  transistors  to  play  in  x-band 

InP  extending  solid  state’s  range 


Continued  from  page  31 . 

Apparently  the  presence  of  an 
RF  signal  has  a  stabilizing  effect  on 
the  interface  states.  Power  output 
for  these  devices  drifted  no  more 
than  2  percent  over  a  test  period  of 
167  hours  (about  one  week)  of  con¬ 
tinuous  operation. 

Military  systems  that  will  bene¬ 
fit  from  the  availability  of  higher- 
power  X-band  transistors  will,  for 
example,  include  missiles,  radar, 
decoys  and  jammers.  Extending 
the  frequency  range  into  a  band 
will  add  satellite  communications 
to  the  list. 

In  the  past  several  years,  the 
millimeter-wave  frequency  range 


from  approximately  30  GHz  to  a 
few  hundred  GHz  has  received 
ever  increasing  attention.  Solid- 
state  devices  and  arrays  operating 
at  these  frequencies  will  have  appli¬ 
cations  in  such  areas  as  advanced 
missile  systems,  space  and  covert 
communications,  radar,  active  tank 
defense,  smart  munitions  and  high¬ 
speed  digital  systems. 

The  first  transistors  to  operate  at 
mSSmeter-wave  frequencies  were 
GaAs-based  field-effect  transistors, 
the  fastest  of  which  are  the  high 
electron  mobiity  transistors  called 
HEMTs  or  MODFETs.  Recently, 


however,  similar  structures  based 
on  InP  lave  demonstrated  approxi¬ 
mately  50  percent  higher-frequency 
operation.  ComeS  University  has  re- 
, ported  1/10-micron- gate  InGaAsTnP 
MODFET  structures  with  a  current 
gain  cut-off  frequency  flj)  of  170 
GHz.  What’s  more,  General  Electric 
has  reported  InAlAs'lnGaAs'lnP  lat¬ 
tice  matched  Vi-micron  HEMT  de¬ 
vices  demonstrating  extrapolated 
maximum  frequency  of  osdUation 
(fitiax)  of  380  GHz. 

Similar  structures  using  strained 
non-lattice-matched  (pseudomor- 
phic)  channel  layers  and  1/10-mi¬ 
cron  gate  lengths  have  been  re¬ 
ported  by  Hughes  Research 


Laboratories.  The  Hughes  devices 
have  demonstrated  an  f,  of  210 
GHz  and  amplifier  circuits  employ¬ 
ing  these  structures  have  exh&ited 
noise  figures  of  0.8  dB  with  9  dB 
gain  at  60  GHz.  Hughes  also  re¬ 
ports  caparitively  enhanced  logic 
delays  per  stage  of  6  ps  at  24.5  mW 
per  gate  for  ring  oscillators  using 
similar  HEMT  structures. 

In  addition  to  field-effect  tran¬ 
sistors,  InP-based  heterostruc¬ 
ture  bipolar  transistors  (HBTs) 
offer — besides  high  speed — then- 
own  set  of  advantages  including 
precise  threshold  control  and 


compatibility  with  long-wave¬ 
length  1.3-  to  1.55-micron  optical 
devices  for  optoelectronic  circuit 
integration.  Researchers  at 
AT&T  Bell  Laboratories  have  re¬ 
cently  reported  hot  electron 
InP/lnGaAs  HBT  devices  demon¬ 
strating  an  f,  of  140  GHz.  Ring 
oscillator  results  on  these  struc¬ 
tures  show  a  propagation  delay 
per  stage  of  50  ps  and  a  power 
consumption  per  stage  of  4  mW. 

InP-based  high-speed  optoelec¬ 
tronic  ICs  (OEICs)  will  soon  great¬ 
ly  impact  photonic  systems  ranging 
from  fiber-optic  telecommunica¬ 
tions  and  signal  processing  to  fiber- 
guided  missiles.  Photonic  struc¬ 
tures  on  InGaAs  lattice-matched  to 
InP  substrates  operate  through  the 
1.55 micron  wavelength  attenu¬ 
ation  minimum  (-0.12  dB/km)  of 
silica  optical  fibers.  GaAs-based 
structures  are  limited  to  0.85  mi¬ 
cron  radiation  (  2dB/km). 

Thus,  InP  technology  makes 
possible  direct  fiber-optic  light 
transmission  over  distances  more 
than  an  order  of  magnitude  great¬ 
er  than  can  be  achieved  with 
GaAs-based  devices.  AT&T  Bell 
Laboratories  has  reported  an  In¬ 
GaAs  PIN  photodfode/InP  junc¬ 
tion  field-effect  transistor  (JFET) 
OEIC  receiver  operating  with  a 
sensitivity  of  -33.9  dBm  at  a  bit 
rate  of  200  Mbits/s  with  a  bit  error 
rate  of  10"  at  a  wavelength  of  1 .55 
microns.  Meanwhile,  researchers 
at  Fujitsu  have  reported  an 
InGaAs/lnAlAs/lnP  OEIC  receiv¬ 
er  demonstrating  a  bit  rate  of  2 
Gbits/s  with  -  18.5-dBm  sensitiv¬ 
ity,  with  a  bit  error  rate  of  IV  at 
1.3  microns. 


InP-based  devices  and  circuits 
are  especially  well-suited  for  space 
applications  because  of  their  high 
tolerance  for  the  radiation  exper¬ 
ienced  in  the  space  environment. 
InP  solar  cells  are  already  being 
tested  in  the  radiation  environment 
of  space  and,  according  to  Irving 
Weinberg  of  NASA  Lewis  Re¬ 
search  Center,  one  year's  data 
available  on  InP  solar  cells  tested 
on  satellite  Lips-3  has  shown  that 
there  is  no  degradation  in  the  per¬ 
formance  of  these  devices. 

Laboratory  data  indicates  that 
for  10  years  in  orbit,  InP  solar  cell 
efficiencies  are  expected  to  de¬ 
grade  by  only  3  percent,  while  for 
GaAs  the  degradation  should  be 
approximately  16  percent  and  for  Si 
cels  about  25  percent  NASA 
Lewis  has  reported  air-mass  zero 
total  area  efficiencies  of  18.8  per¬ 
cent  n  rVp  homojunction  solar  cells 


fabricated  for  them  by  Spire  Corp. 
usmg  OMCVD  and  ion  implantation 
tednques.  Theoretical  modeling 
predicts  efficiencies  of  21  percent 
can  be  achieved  on  InP  cells. 

High-speed  spatial  light  modula¬ 
tors  (SLMs)  could  increase  the 
performance  of  many  military  sig¬ 
nal-handling  systems.  One  ap¬ 
proach  to  SLM  devices  is  the  use 
of  the  quantum-confined  stark  ef¬ 
fect  in  multi-quantum- well  (MQW) 
layers  with  charge-coupled  devices 
(CCDs)  used  to  spatially  program 
the  electric  field  across  an  array, 
thereby  providing  control  of  the 
transmitted  fight  intensity. 

Colorado  State  University  is 
engaged  in  the  development  of 
SLM  devices  fabricated  on  InP/ 
InGaAs  structures  grown  by 
GSMBE.  Insulated-gate  InP 
CCDs  fabricated  at  NOSC  have 
demonstrated  a  clock  rate  of  800 
MHz.  These  used  a  two-level 
overlapping  gate  structure  analo¬ 
gous  to  Si  CCDs.  This  is  not  feasi¬ 
ble  on  GaAs  because  of  the  lack  of 
a  compatible  insulator. 

Spire  Corp.  (Bedford.  Mass.) 
is  progressing  well  with  growing 
high-quality  InP  by  OMCVD  on 
GaAs  and  GaAs-coated  Si  wafers. 
And.  this  could  cut  the  cost  of 
some  InP  devices  and  circuits 
through  the  use  of  less  expensive 
substrates.  In  addition,  this  capa¬ 
bility  opens  up  the  possibility  of 
integrating  on  a  single  chip  InP- 
based  high-speed,  high-power 
and  optoelectronic  devices  with 
GaAs  and  Si  electronics. 

For  more  complete  information 
of  the  blest  innovations  in  InP- 
based  devices  and  circuits,  see  the 
"Proceedings  o(  the  First  Interna¬ 
tional  Conference  on  InP  and  Relat¬ 
ed  Materials  for  Advanced  Elec¬ 
tronic  and  Optical  Devices."  held  in 
Norman.  Okb..  March  20  to  22, 
1989,  and  due  out  m  August  1989 
from  SPIE.  The  "Proceedings  of 
the  Frst  InP  Micro wave/M  illi- 
meler-Wave  Technology  Work¬ 
shop.’  held  in  San  Diego.  Jan.  25  to 
26.  1989,  is  also  to  be  published  by 
NOSC  around  September  1989  and 
wfl  be  available  through  the  De¬ 
fense  Technical  Information  center 
CDTIC)  m  Alexandria,  Va. 


Military  systems  that  will  benefit  from 
the  availability  of  higher  power  X-band 
transistors  will  include  missiles,  radar,  decoys 
and  jammers. 
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